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PETI-5 (Phenylethynyl-terminated polyimide) is a substance that shows a great deal 
of potential in the high-speed aircraft and the aerospace industry. PETI-5 has been used for 
the High Speed Civil Transport (HSCT), a supersonic passenger aircraft in development at 
NASA. In this project, four staging samples, one fresh sample, one fully cured sample and 
one partially cured sample were analyzed and compared using thermal analytical techniques. 
The sample staged at 450°F with full vacuum showed the highest thermal properties among 
four staging samples. The results indicated that vacuum is helpful in improving the thermal 
stability of PETI-5. The mechanism of the curing step was proposed. The kinetics 
parameters and the three-step decomposition mechanism of the PETI-5 cured sample were 
shown, based on the analysis of evolved gases. Two cured samples were analyzed by two 
different TG/MS systems. The results of the analysis were compared. 
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I. INTRODUCTION 
A. Introduction to Polyimide 
Polyimides are characterized by the presence of the phthalimide structure in the 
polymer backbone, as shown in the structure. 
The thermal stabilities of polyimides depend on their backbone compositions. As the 
imide function is diluted with other less stable structures, the polymer loses heat 
resistance but usually becomes more soluble. The wholly aromatic systems, which in 
processed form are nearly all film, have similar properties, as summarized in Table l.1 
The ranges of polyimide fiber properties at various temperatures are given in Table 2.1 
Activation energies for pyrolytic decomposition of the polyimide fiber from 
pyromelitic dianhydride and bis(4-aminophenyl)methane at 540-560°C is 101 KJ/Mol 
(24Kcal/mol).2 Pyrolysis of polyimides takes place in two distinct phases: one at 580-
625°C, where most of the weight loss occurs and the second at 700-950°C, where only a 
4.5% weight loss occurs.3 The former results from C-N and C-0 ether-bond cleavage 
and the latter is caused by loss of CO with concurrent formation of nitrene and benzyne 
moieties. Pyrolyzed polyimides are black and conductive. For example, a polyimide 
1 
2 
Table 1. General Properties of Aromatic Polyimides 
solubility 
Crystallinity 
Zero-strength temperature, °C 
Thermal stability in air, °C 
Tensile strengths (film), Mpa 
At 25°C 
At 300°C 
At 500°C 
Elongation (film), % 
At 25°C 
At 300°C 
At 500°C 
Tensile modulus (film), Mpa 
At 25°C 
At 300°C 
At 500°C 
Glass-transition temperature, °C 
Dielectric constant at 1000 Hz 
At 23 °C 
At 200°C 
Dissipation factor at 100 Hz 
At 23 °C 
At 200°C 
Volume resistivity (at 50% rh), Q*cm 
At 23 °C 
At 200°C 
Dielectric strength, V/fim 
At 23 °C 
At 200°C 
Color 
Density, g/cm3 
Chemical resistance 
Radiation resistance 
Fammability 
Insoluble or soluble in Cone H2SO4 or 
fuming HNO3 with degradation; 
phenylated versions sol in CHCI3 
Usually crystallizable 
800-900 
>500 by TGA; 275-300 by isothermal 
method 
172 
69 
28 
70 
120 
60 
2800 
1400 
280 
280-385 
3.1-3.7 
2.8-3.2 
0.0013-0.002 
0.0005—.0010 
1017-5X1018 
101 4-101 5 
180-270 
180-230 
Colorless to deep red 
1.41-1.43 
Varies widely with structure 
Fair to ultraviolet, excellent to high energy 
Self-extinguishing 
3 
Table 2. Typical Properties of Polyimide Fibers 
Property Value 
Tenacity, mN/tex 
At room temperature 415-610 
At 300°C 88-265 
At 500 °C 35-150 
Elongation, % 
At room temperature 4.0-19.3 
At 300°C 5.0-22.6 
At 500 °C 1.4-6.9 
Initial modulus, N/tex 
At room temperature 5-18 
At 300°C 2.5-7.1 
At 500 °C 2.7-5.9 
formed from reaction of pyromellitic dianhydride and bis(4-aminophenyl) oxide is 
pyrolyzed in vacuum for one hour at 800°C, and the resulting product has a specific 
resistivity of about 5xlO"2Q.cm at 25°C. Pyrolysis at 700°C increases the resistivity of 
the product and pyrolysis at 600°C results in the formation of a non-conductive product.4 
If conversion to graphite occurs during pyrolysis, it is only partial — since the pyrolyzed 
product retains a substantial portion of its original nitrogen content, even at 800°C. 
Stress-induced molecular changes in the polyimide Kapton 50H have been studied 
by means of polarized, FTIR. The deformed geometry of the backbone leads to changed 
inter-and intramolecular bonding potential, which relates to the molecular mechanics of 
deformation and fracture.5 Polyimide films are made conductive by incorporation of 
various salts into the prepolymer in dimethylacetamide (DMA); the prepolymer is then 
cyclized at 300°C. Additives, such as Li2PdCl4, Na2PdCl4, Pd[S(CH3)2]2Cl2, 
4 
HAUC14*3H20, AULA, AgN03, LiCl, A1(C2H302)3, and Cu(C2H302)2 provide flexible, 
yellow-to-brown films.6 These films demonstrate high softening temperatures and 
adhesion but much lower decomposition temperatures than the unmodified versions. 
Roy Mo7 and his partner studied the optical properties of several fully imidized, 
solvent soluble polyimides which possess excellent thermal and mechanical properties. 
Optical properties such as optical transparency, infrared spectra, and refractive indices of 
these fully imidized polyimides are compared with those of conventional polyimides that 
are formed from their precursors. The fully imidized polyimides show higher 
transparency and maintain their refractive indices better over a range of bake conditions. 
The FTIR spectra indicates no detectable differences in the chemical structures of the 
softbaked, fully imidized polyimides even after UV exposure and high temperature 
bakes. Wiring failures linked to insulation damage have drawn much attention in the 
aerospace industry, and concerns have developed regarding the stability and safety of 
polyimide insulated electrical wire. Catharine I. Croall and Terry L. St. Clair8 studied 
several commercially available polyimides such as KAPTON®, APICAL®, LARC™-
TPI and UPILEX®R and S, as well as a number of experimental films prepared at 
NASA. Commercially available PMDA based films appeared to be least resistant to 
hydrolysis of the polyimides evaluated. UPILEX® films showed good retention in 
properties except in the rolled configuration, where they showed a significant loss in 
tensile strength. LaRC™-TPI exhibited good retention also. Of the experimental films 
synthesized, LaRC™-CPI, ODPA/3,4'-ODA, and HDEA/4-BDAD exhibited excellent 
resistance to base hydrolysis while under stress. Modulus and elongation were generally 
not greatly affected by the exposure to the basic solutions. 
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1. Synthesis 
The synthesis that makes polyimides usable is a two-step process. Dianhydrides 
react with diamines to form poly(amic-acid)s, which are thermally or chemically cyclized 
to the polyimide. The advantage of this method is that the intermediate is soluble and can 
be processed. The processed form can then be cyclized, whereupon it becomes insoluble. 
This method is the most common one for preparation of polyimides. 9'10"12 Table 3 
summaries synthesis methods for polyimides. 
The general method, i.e.p, reaction 1, is illustrated by the following example: 
H 2 N A r N H 2 
0 0 
pyromellitic 
dianhydride 
0 
II 
HOC 
0 
CNHAr-
-NHC COH 
II II 0 0 
soluble poly(amic acid) 
w h e r e Ar = 
—^3)— AND —(O)—X—((D) 
a n d X -0—, —S—, —S02—, etc 
The preceding reaction is usually carried out in polar solvents, e.g., dimethylfomamide, 
dimethylacetamide, dimethyl sulfoxide, N-methyl pyrrolidine, and m-cresol, at <50°C to 
prevent cyclization and, thereby, maintain solubility. Generally, 150°C is the accepted 
temperature at which imidization begins and a value of 300°C generally is required to 
complete the process. 
Reactions 2 and 3 in Table 3 are analogous in that one involves a diacid and the 
other a diacyl halide. The diacid proceeds through the salt, which is polymerized in a 
two-step heating process. 
Table 3. Synthesis Methods for Polyimides 
6 
Reaction No. Reactants Conditions or Product 
1 Dianhydride + diamine Solution or melt 
2 Diester-diacid + diamine Solution or melt 
3 Diester-diacid dichloride + diamine 
4 Dianhydride + diisocyanate 
5 
6 
Addition polymerization of a 
bis(maleimide) 
Bis(methylolimide)s + dinitrile Copoly(amide-imide)s 
7 Bis(methylolimide)s + diamine Copoly(amide-imide)s 
8 Bis(methylolimide)s + diisocyanate 
9 Electrochemical condensation of 
aminophthalic acid 
10 Dimethyl pyromellitoyldiglycinate + 
diamide 
Copoly(amide-imide)s 
11 Dimethyl pyromellitoyldiglycinate + 
dihydrazide 
Copoly(imide-hydrazide)s 
12 Bis(hydroxyimide) + diacyl dichloride Copoly(imide-ester)s 
13 Bis(carboethozy)diimide + diamine 
The fourth synthesis, i.e., the use of diisocyanate in place of diamine, is a more 
recent one than those above.13'14 When isocyanate reacts with the anhydride group, a 
seven-membered cyclic intermediate forms and spontaneously collapses to imide with 
evolution of CO2 ~ an obvious advantage of the isocyanate-anhydride over the amine-
anhydride reaction, in which the off-gas is water. The greater reactivity of isocyanates 
may also be an advantage. On the other hand, a stable and processable amic-acid 
intermediate is not obtained. However, if an amic-acid intermediate is desired from an 
isocyanate, cyclization of amic-acid to imide gives water rather than the more desirable 
CO2. Reaction of benzophenonetetracaboxylic dianhydride (BTDA) with diisocyanate, 
as shown below, gives polymers that are soluble in DMF and DMA with stabilities to 
420-480°C. According to TGA results, a 10% weight loss occurs.14 Polymers from 
mixed diacid-dianhydride monomers have also been made.11 
CH, 
0 0 
B T D A R - CH3, C2H5, C3H7, C6H5 
Reactions of bismaleimides yield polyimides by several routes: direct self-
addition,15 hydrogen addition,16"18 or Diels-Alder addition (See reaction 5, Table 3).19 
The first gives a cross-linked product and is initiated by heat or a free-radical catalyst. 
This reaction is also used as a means to cross-link and oligomeric or end-capped 
polymer. Cross-linking of the latter requires a diamine and may have been the route for 
the commercial material, Rhone-Poulenc M-33, which no longer is marketed. 
N — A r -
0 
H 2 N A r N H 2 
O 
- N H A r N H 
- A r N. 
0 
The Diels-Alder reaction can be used to provide a highly phenylated backbone. 
Stability may be compromised by this route, however, owing to the lack of complete 
aromaticity in the product. 
8 
0 0 
'>•—Ar—N 
0 0 
a bis-dienophile 
C,.H C„H, 
Ar' O 
C„H-, C f i H s C"H'' C„H5 
a bis-diene 
CbH;I 
(unstable) 
A. C 6 H 5 N 0 2 
i — A r -
Bis(methylolimide)s can be used in several ways to incorporate their imide 
function into a backbone (see reactions 6, 7, and 8, in Table 3). In this approach, 
cyclization of the prepolymer does not occur. Bismethylol derivatives of pyromellitimide 
or benzophenone tetracaboxylic acid diimide can condense with dinitriles to poly(amide-
imide)s, with diamines to poly(amine-imides), or with diisocyanate to poly(urethane-
imide)s.20-21 The thermal stabilities of most of the products suffer but their solubilities 
improve because of the nonaromatic imide groups. 
Several rigid-backbone polyimides have been prepared by electrochemical self-
condensation of 4(3'-aminobenzoyl)phthalic acid, 4(4'-aminobenzamido)phthalic acid, 
or 4(2'-aminobenzoyl)phthalic acid.9 The reaction proceeds at the point where the 
9 
initiating event is believed to be oxidation of -NH2 to -NH2+. The simplest monomer, 
i.e., 4-aminophthalic acid, polymerizes quantitatively in 2 h at 50 mA with a viscosity of 
0.28 dL/h; a dark amber film forms after a 300°C postcure. The other polyimides are 
produced only in low yield (5-20%) and give poor films. 
RCN 
H^SOj or pdlyphosphoric acid 
— C H OH 
k n h 2 
DMA. 70-C 
trace H 2 0 
H,NHCR-
tfinh to 0.41 dL/g 
91-99% yield 
-CH.NHR-
iji„h to 0.37 dL/g 
87% yield 
RNCO 
dioxane 
( -amine 
The diacyl chloride of pyromellitoyldiglycine polymerizes with either diamines or 
dihydrazides to poly(amide-co-imide)s and poly(hydrazide-co-imide)s, respectively (See 
reactions 10 and 11, in Table 3).22 The former is soluble in DMA/LiCl and produces 
flexible films with good stability against weather and heat. The latter can be dehydrated 
further in poly(phosphoric acid) (PPA) to poly(oxadiazole-co-imide)s. The dimethylester 
of the diglycine condenses with aromatic tetraamines in PPA to poly(benzimidazole-co-
imide)s. 
Reaction 12 is the facile reaction in DMA and triethylamine of the bis-N-
hydroxyimide of BTDA or of pyromellitic acid with diacyl chlorides to give 
10 
copoly(imide-ester)s.23 Yields are 74-96% and the inherent viscosities are as high as 0.27 
kL/g in mj-cresol. 
- — ^ ^ N — O C R — 
0 
However, the products have relatively low thermal stability (226-323°C by TGA) and 
suffer a reduction in viscosity upon reaction with amines as nucleophiles. 
Reaction 13, in Table 3, is the interfacial condensation of diamines with N, N-
diethoxycarbonylpyromellitic diimide.24 Aliphatic diamines are superior to aromatic 
diamines in reactivity and solubility. 
o o 
|| A r ^ A II 
C,H,OC—N' T Q T N—COC.H, 
NH2RNH2 
The syntheses of polyimide resins with unsaturated end groups, e.g., vinyl, 
ethynyl, maleimido, and cyano anhydride, have been used to develop commercial 
products. Vinyl groups are as efficient as acetylenic groups in providing effective cross-
links, and both lend more thermal stability to the final product than nadic anhydride 
11 
termini.15 Nitrile terminal functions are unreactive. The trimerization of acetylenes to 
benzene is not a significant reaction in the cross-linking of acetylenic termini. 
Investigation of postcured Thermid 600 shows that, although all acetylenic character 
disappears, less than 30% of the functions cyclotrimerize.25 The kinetics of the cross-
linking reaction of norbornenyl end-capped polymers has been studied.26 In M.E.Rogers' 
study,27 soluble, fully cyclized polyimides with very high glass transition temperatures 
have been developed to meet high temperature applications. Polyimides based on 
pyromellitic dianhydride and a 3F diamine echibit glass transition temperature of 420 °C. 
These polyinides are soluble in polar aprotic solvents and form tough, transparent films 
which demonstrate mechanical integrity and good thermooxidative stability at high 
tenperatures. Aryeh A. Frimer28 evaluated the use of l,4-phenylenebis(phenylmaleic 
anhydride), PPMA, to improve the thermal-oxidative stability of PMR-type polymers. 
Two series of nadic end-capped addition curing polyimides have been prepared by 
imidizing PPMA with either 4,4-methylenedianiline or p-phenylenediamine. The first 
resulted on improved solubility and increased resin flow while the latter yielded a 
compression molded neat resin sample with a Tg of 408°C, close to 70°C higher than 
PMR-15. The performance of these materials in long term weight loss studies was below 
that of PMR-15, independent of post-cure conditions. These results can be rationalized in 
terms of the thermal lability of the pendant phenyl groups and the incomplete imidization 
of the sterically congested PPMA. 
2. Uses of Polyimides 
Uses have expanded from the early molded products to varnishes, laminating 
resins, molding powders, and adhesives. Laminating varnishes consist typically of 
12 
monomers or low molecular weight polymers dissolved in polar solvents, e.g., cresols, 
dimethylformamide (DMF), dimethylacetamide (DMA), or N-methylpyrrolidinone 
(NMP), which is used in the synthesis of PETI-5. Solutions of 60-90 weight percent 
solids can be obtained. Varnishes are used to impregnate fibers or glass cloth, graphite, 
or boron. The impregnated material is partially cured or (3-staged to remove most of the 
volatiles and to give a polymer that is insoluble but fusible. Lamination and final cure is 
carried out under high temperature and pressure. Sometimes a post-cure at atmospheric 
or reduced pressure is required to lower the volatile content to an acceptable level. 
Polyimide adhesives cured under heat and pressure bond well to metals such as 
aluminum, steel, and titanium. Resins for adhesives are sold as solutions with a 10-20% 
volatile content or as impregnated and p-staged glass cloth. Thermoset molding powders 
are typically aromatic-aliphatic polyimides or copolymers of the imide-amide type, but 
polyimides formed by addition polymerization can also be used. Standard compression, 
transfer, and injection-molding techniques apply. Wholly aromatic polyimide molding 
powders must be fabricated by sintering at high temperature and pressure. 
One of the uses of polyimides has been for reverse-osmosis membranes. The 
polymer is substituted with polar groups, e.g., methoxy groups. The resultant polymers 
29 
show excellent stabilility toward hydrolytic and bacterial attack. 
High density copper-polyimide interconnect structure is very useful for high 
speed integrated circuit. K.K.Chakravorty studied the hybrid wafer scale integration 
technology based on photosensitive polyimide.30 The photolithographic patterning of this 
polyimide is strongly influenced by a number of factors such as chemistry of the material, 
UV absorption characteristics, and stresses developed during the pre-patterning baking 
13 
step. A BTDA- alkylated diamine based preimidized photosensitive formulation shows 
very different solvent absorption and diffusion properties than does a formulation based 
on polyamic ester precursor. The unique solvent absorption properties of this material 
have been utilized for planarization of multiple layers of this material and development of 
a novel multi-chip module fabrication process. Reliability characterization of copper 
conductors of a multi-chip memory module substrate have been carried on. Thermal 
shock test of the fabricated module shows good reliability and low via failure rates. 
The newest use of polyimide is as the surface material in High Speed Aircraft. 
Polyimide, such as PETI-5 (Phenylethynyl-terminated polyimide) and PMR15, is a 
substance which shows a great deal of potential in the high-speed aircraft and the 
aerospace industry. Polyimide has been baselined for the High Speed Civil Transport 
(HSCT), a supersonic passenger aircraft in development at NASA Langley in Virginia. 
NASA would use titanium core with polyimide skin for most of the surface area of the 
aircraft wing. Polyimide has an enhanced solvent tolerance, moduli of elasticity, glass 
transition temperature, favorable compression moldability; good composite properties, 
and excellent thermooxidative stability due to the cross-linked molecular structure which 
form when dried thermally. 
3. Decomposition Mechanism 
Mary Turk and coworkers studied the thermal oxidative stability of polyimide by 
using TGA techniques.31 In their study, the TGA weight loss curve and isothermal TGA 
(IGA) were used to determine degradation activation energies for two high temperature 
stable addition cured polyimides and two aromatic condensation polyimides, all four 
14 
containing fluorinated connecting linkages in the dianhydride monomers. Three TGA 
kinetics methods (Coats/Redfern, Ingraham/Marier, and Horowitz/Metzger) were used to 
determine the activation energy for decomposition in air. The results were then used to 
rank polyimide stability as compared to rankings based on long term isothermal air aging 
weight loss (IWL) studies and thermal decomposition temperatures (Ta) from TGA data. 
Use of a TGA system coupled to a Fourier Transform Infrared Spectrophotometer (TGA-
FTIR) allowed for the simultaneous quantification and identification of evolved 
decomposition products of the four polyimides degraded in air or nitrogen. Isothermal 
TGA-FTIR (IGA-FTIR) was also done in air to determine the rate of product evolution at 
a constant temperature. Activation energies of individual degradation products (CO2, 
CO, ArNCO, and CHF3) were determined and then compared to the TGA, IGA, and IWL 
values for the degradation of the entire polyimide in order to examine for correlation real 
life thermal oxidative aging to accelerated aging techniques. The Coats/Redfern method 
and Ta were found to best reproduce stability ranking of those from long term high 
temperature IWL studies. Together, they may provide a time saving technique to 
evaluate polyimide thermal oxidative stability. 
B. Synthesis and Degradation of PETI-5 
Current demands for aeronautical materials require high performance, high 
temperature polymeric composites to perform for increasingly longer lifetimes. Future 
polymeric composite materials will be required to maintain useful lifetimes at 
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temperatures of 177-232°C for up to 120,000 hours in high-speed commercial aircraft. 
Polyimide composites are excellent candidates to meet this need because of their 
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exceptional mechanical properties, high rigidity, superior thermal oxidative stability and 
higher strength-to-weight ratio than their metal counterparts. Today, aromatic polyimides 
are commercially available as polymer matrix composites (PMC) for replacements of 
metals and epoxy composites.33 Aromatic polyimide composites are currently used in 
such structures as the outer duct for F404 jet engines and the inner cowl of other 
advanced jet aircraft engines.34 The nose and leading edge temperatures of a high speed 
airplanes will range from 375 to 400°F (464 to 478 K), with temperatures of 300 to 
350°F (422 to 455 K) elsewhere. 
Phenylethynyl-terminated polyimides (PETI-5/IM7) have been developed at 
NASA Langley Research Center.35 Unlike linear polyimides, PETI can be thermally 
cured to form cross-linked molecular structures typically increasing resistance to 
solvents, glass-transition temperatures, and moduli of elasticity. The advantage of 
phenylethynyl-terminated polyimides over ethynyl-terminated polyimides is the higher 
reaction temperature of the phenylethynyl group compared to the ethynyl group. This 
higher reaction temperature provides a larger temperature range to melt-process these 
polymers.36 P. M. Hergenrother and coworkers made PETI-1 derived from ODPA and 
3,4'-ODA endcapped with 3-APEB, PETI-2 using PEPA as the endcapper, PETI-4 
derived from BPDA and 85 mole percent of 3,4'-ODA and 15 mole percent of APB 
endcapped with 3-APEB, and PETI-5 with PEPA.37 After studying the molding process 
and Tg, they found PERI-5 displayed better retention of tensile strength and modulus. 
P. M. Hergenrother continued to study the composite properties of the PETI-5 
mixed with IM7 fiber using N-methyl-2-pyrrolidone (NMP) as the solvent.37 NMP must 
be removed from the polymer. Processability of the IM7/LARC PETI-5 was excellent as 
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evidenced by a cure cycle study in which five different cure cycles representing various 
heating rates and hold temperatures produced good quality laminates and excellent 
mechanical properties. T.H. Hou and coworkers found that the crystal melting 
temperature and heat of fusion increased with the increasing of annealing temperature.38 
Meanwhile, the volatile content in the sample decreased. The rheological behavior, the 
volatile depletion rate and the thermally induced crystallization of PETI were used to 
develop fabrication conditions for void-free composites. The optimum molding 
condition is fabrication for 1 hr at 371 °C under 1.38 Mpa (200 Psi). The use of the 
combined technique of TG-FTIR to obtain information on volatiles during degradation 
was investigated in this work to develop an understanding of the chemical and physical 
phenomenon that determine the processing requirements of PETI-5. Robert F. Boswell 
studied two resin systems, PETI-5 and Phthalonitrile.39 The TGA and DSC data reveal 
that the two resin systems are excellent for high temperature applications. The kinetic 
results show the activation energies and frequency factors for thermal decomposition are 
similar. For the phthalonitrile sample, post curing at 375°C for 8 hours increases the 
thermal stability and brings its Tg up to the decomposition region. With post curing, 
phthalonitrile activation energy increased from 110 to 125 KJ/mol. PETI-5 resin 
decomposition kinetics are similar to the phthalonitrile; its activation energies were 200 
to 217 KJ/mol for 5 and 10% conversion, respectively. For aircraft applications, the 
requirement for Tg is that it must be 50°F above the operational temperature; these resins 
could fulfill the high temperature requirements in many locations on the aircraft. 
II. EXPERIMENTAL 
In this project, four different staging conditions, one fresh sample which was 
never dried, one fully cured sample and one partially cured sample were analyzed and 
compared. These four staging conditions are 375°F at partial vacuum, 375°F at full 
vacuum, 450°F at partial vacuum, 450°F at full vacuum. 
The following are the experimental methods for TGA, DSC, TG-FTIR, DMA, 
TG/MS, and GC/MS: 
A. Thermogravimetric Analyzer Procedure 
A TA Instruments model TA2951 was used for the TGA experiment. The sample 
weight used was about 10-20 mg. The samples were heated to 371°C at the rate of 
2°C/min for the fresh sample and four staging samples in UHP Nitrogen with a flow rate 
of 100 mL/min. For the PETI (fully cured) and PETI (partially cured) samples, a TA 
2950 TGA was used. The samples were heated to 900°C at six different heating rates 
(0.5°C/min, l°C/min, 2°C/min, 4°C/min, 5°C/min, and 10°C/min) in UHP Nitrogen with 
a flow rate of 100 mL/min. The kinetics parameters and the life-time data were analyzed 
using the TA TGA Kinetics software. 
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B. Differential Scanning Calorimeter Procedure 
A TA Instruments model TA2920 Modelated DSC was used for the DSC 
experiment. The samples were heated from -50°C to 100°C at the heating rate of 
3°C/min for fresh samples in UHP Nitrogen at a flow rate of 50 mL/min and heated to 
400°C at the heating rate of 3°C/min for PETI-5 (cured) in UHP Nitrogen at a flow rate 
of 50 mL/min. 
C. TG-FTIR Procedure 
The samples were analyzed with a Dupont 951 TGA interfaced to a Perkin Elmer 
1600 series FTIR with a permanent silicon transfer line (length one inch). The purge gas 
flow carries the decomposition products under heating from the TGA through a 70 mL 
sample cell with KBr crystal windows. The cell is placed in IR scanning path for 
detection of the decomposition products and kept at 150°C to prevent possible 
condensation. The IR detection ranges between 450 cm"1 and 4500 cm"1. The PETI 
(fully cured) sample was heated to 900°C at the heating rate of 10°C/min in nitrogen at a 
flow rate of 50 mL/min. The other samples were heated to 371°C at the heating rate of 
2°C/min in nitrogen at a flow rate of 50 mL/min. 
D. TG/MS Procedure 
The samples were analyzed on a TA2960 TGA/DTA (SDT) interfaced to a Fisons 
VG Thermolab Mass Spectrometer by means of a heated capillary transfer line (See 
Figure 1). The capillary transfer line was heated to 220°C, and the inlet port on the mass 
spectrometer was heated to 150°C. The Fisons unit is based on the quadrupole design 
TGA - FTIR - MS Coupled with a GC/MS 
3] o o © 
Flowmeter 
Purge Gas Shimadzu QP-5000 GC/MS Perkin Elmer 2000 FTIR 
MS Controller Temperature Controller 
To (he heated IR gas cell Rotary Pump 
DuPont 951 TGA TGA Controller 
Figure 1. The TG/MS/FTIR system used in this study. 
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with a 1-300 atomic mass units (amu) mass range. The sample gas from the interface 
was ionized at 70 eV. The system operates at a pressure of lxl 0"6 torr. A NIST library 
database for MS analysis is part of this MS system. 
E. GC/MS Procedure 
The sample was placed in the quartz tube of the TGA 951. The offgas from the 
IR gas cell was passed through a methylene chloride trap. The transfer tube was wrapped 
with heating tape and kept at 150°C to prevent possible condensation. The trapped 
solutions were injected into the GC/MS system for analysis. Before injecting, the weight 
of the solution was measured accurately. A Shimadzu QP 5000 GC/MS system with a 
NIST/EPA/NIH 62,000 compound database was used for compound identification. 
F. Dynamic Mechanical Analyzer Procedure 
The instrument used was TA DMA 2980. In the multi-frequencies experiments, 
the Single Cantilever was used. The sample was equilibrated at 30°C and heated to 
400°C. The frequencies used were 20, 10, 5, 3, 2, 1, 0.5, 0.3, 0.2, and 0.1 HZ. 
For the single frequency experiment, the single cantilever was used. The method 
is ramp 5°C to 400°C in 1 HZ. 
The multi-frequencies results were analyzed using TA TTS software. The Master 
curves were obtained. 
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G. Simulating Experiment 
The factory process of staging and curing is to heat the fresh sample to 260 °C at 
the rate of 1.55°C/min, hold 1 hour at full vacuum (14.2 psi) (staging step), cool back and 
reheat to 371°C at the rate of 1.55°C/min, hold 2 hours in 100 psi (curing step). In this 
study the fresh sample was treated with the same heating procedure in the TG-FTIR and 
TG/MS experiment, but kept the pressure the same as the ambient pressure. After the 
curing step, the sample was heated (decomposition step) to 900°C at the heating rate of 
2°C/min in the TG/MS and TG-FTIR to study the thermal decomposition mechanism and 
compare the effects of vacuum on the curing processing. A PETI-5 (cured) sample, 
obtained from the factory, was heated to 950°C at the rate of 4°C in TG/MS and TG-
FTIR. All experiments were done in UHP nitrogen at a flow rate of 50 mL/min. The 
TGA used in this experiment is a TA 2960 SDT. 
H. Comparing the full cured and partially cured sample with different TG/MS systems 
The fully cured and partially cured samples were analyzed in our lab. The 
method has been described in section A-F. These two samples were analyzed using a 
NETZSCH furnace capable of operation from 25 to 1450°C. The system is vacuum tight, 
allowing measurements to be conducted under vacuum or in an inert, reducing or 
oxidizing atmosphere. The mass spectrometer data acquisition can be carried out in the 
SCAN and in the MID (multiple ion detection) mode with up to 64 mass numbers 
together with simultaneous TG and DSC/DTA data acquisition. The NETZSCH 
Skimmer® coupling system is integrated into the furnace and is therefore heated to the 
same temperature as that of the sample. For all measurements, a TG/DSC type S sample 
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holder and Pt crucibles were employed. The samples were heated from room temperature 
to 1000°C in an UHP N2 atmosphere (flow rate of the purge gas is 75 mL/min) at 
4°C/min. 
III. RESULTS AND DISCUSSION 
A. Comparison of the Thermal Properties of the Samples 
1. TGA results 
The weight loss of PETI-5/IM7 (fresh) occurred in two steps, 6.22% and 15.21% 
of the sample mass, as shown in Figure 2. However, the two regions were not as clear-
cut as those for the other four samples. At the first stage (before 100°C), the small 
weight loss (6.22%) was due to the loss of absorbed H2O on the surface of the sample. 
The second thermal decomposition stage was due to the loss of water (the water is 
trapped between the polymer chains) and NMP from the sample. From the DTG curve 
for fresh sample, two peak maxima at 67°C and 165°C were found. As shown in Table 4, 
the total weight loss decreases with an increase in temperature and vacuum. The 
resulting thermograms are shown in Figure 3-5. The PETI-5 (450F/FV) sample has the 
lowest weight loss among the five samples. The water concentration for fresh sample is 
much higher than the staging samples. In the staging process, H2O was effectively 
removed from the samples. In GC/MS experiment, the offgas from the heated sample 
was trapped and injected into GC/MS for analysis (GC/MS data was shown in Table 5). 
The standard NMP of different concentrations were conducted under the same conditions. 
So the NMP concentration was decided. The method to calculate the concentration for 
NMP is as follows: 
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Sample: PETI5/IM7 (fresh) T P A FilC: TCA1-001 
Size: 23.7-410 mg . I U A Operator: Xic 
Method: TCA Run Date: 2-Jul-97 OE: OG 
Figure 2. TGA thermogram for PETI-5 (fresh) sample. 
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Figure 3. TGA thermogram for PETI-5 (375F/PV) sample. 
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Figure 4. Overlay of TGA thermograms for PETI-5 samples. 
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Table 4. TGA Weight Loss Data for Five Samples. 
Sample Fresh 375F/PV 375F/FV 450F/PV 450F/FV 
Weight loss at 6.22 0.45 0.24 0.20 0.12 
100°C(%) 
Weight loss at 21.43 1.73 0.88 0.42 0.24 
371°C(%) 
CSam Asam 
= ...... (1) 
Cstd Astd 
Asam 
Csam = * Cstd (2) 
Astd 
w1 "* sam 
V'sam = (3) 
DCH2C12 
W N M P = V1 sam * Csam ( 4 ) 
W N M P 
sam 
NMP(%) = * 100% 
WS: sam 
W1 sam am Cstd 
* * * 100% 
DCH2C12 Astd WS. sam 
W1 sam ASam Cstd 
* * * 100% (5) 
W s sam A^D DCH2C12 
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Where: DCh2ci2 = 1325 mg/mL 
Cstd = Concentration of standard NMP 
W'sam = weight of liquid sample 
WsSam = weight of solid sample 
A^d - Area of GC peak of pure NMP 
Asam = Area of peak of NMP in samples 
In the TGA results, the amount of NMP is equal to the weight loss between 100°C 
and 371°C. The NMP concentration obtained from the TGA results is different from the 
GC/MS results. There are several factors that contribute to this difference. In the TGA 
procedure, there is no isothermal step. H2O is not totally removed from the samples 
when the temperature is higher than 100°C. So the NMP concentration for the first three 
samples for TGA results is higher than those for GC/MS results. 
2. TG-FTIR results 
The standard NMP sample was heated under the same conditions as the other 
samples (See Figure 5). The strongest absorbance peak for NMP from this sample is at 
1738 cm"1. The NMP spectrum from PETI-5/IM7 was matched to the standard NMP 
spectrum. This peak is used to identify the evolution of NMP from the samples. The 
other standard absorbance peaks for NMP are 2928 cm"1, 1416 cm"1, 1291 cm"1, 1114 cm" 
1
, and 985 cm"1. Fresh sample has the most intense absorption peak for NMP and water 
(See Figure 6 and 7). The evolution of NMP from the samples occurred at two peak 
maxima which indicated that there may have two different mechanisms involved with the 
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Table 5. The Data from GC/MS Experiment. 
Sample W'(g) W s(g) A NMP(%) 
Fresh 1.2043 0.0941 268,966,090 11.68 
375F/PV 5.9463 1.2029 66,138,663 1.117 
375F/FV 2.2576 1.2064 87,545,180 0.559 
450F/PV 1.5144 1.1446 76,890,518 0.347 
450F/FV 0.5439 1.1642 119,636,354 0.194 
Standard 21,897,455 0.99 mg/ml 
NMP1 
Standard 183,181,619 8.411 mg/ml 
NMP2 
Table 6. NMP Concentration for Two Methods. 
Sample NMP conc. obtained NMP conc. The difference 
from TGA results Obtained from between two 
GC/MS results methods 
Fresh 15.21 11.68 3.53 
375F/PV 1.28 1.117 0.163 
375F/FV 0.64 0.559 0.081 
450F/PV 0.22 0.347 -0.127 
450F/FV 0.12 0.194 -0.074 
decomposition of NMP from the sample. The intensity for NMP decreased with the 
increase in temperature and vacuum (See Figure 8 to 11). The temperature range for 
NMP and the intensity of the absorbance are shown in Table 7. However, the intensity of 
the first peak sharply decreased when the sample was treated at the higher temperature 
M 
c 
a) 4J 
c 
H 
2G70 2000 
Absorbance wavenumber 
Figure 5. FTIR results for NMP standard sample. o 
•• j .oooo ir.1 c 
Absorbance wavenumber 
Figure 6. FTIR results for PETI (fresh) sample for full scale. 
Figure 7. FTIR results for PETI (fresh) sample for small scale. to 
Figure 12. FTIR results for PETI-5 (fully cured) sample. oo 
Absorbance wavenumbcr 
Figure 12. FTIR results for PETI-5 (fully cured) sample. oo 
Absorbance wavcnuinber 
Figure 10. FTIR results for PETI-5 (450F/PV) sample. 
LO 
Absorbanco wavenumbcr 
Figure 12. FTIR results for PETI-5 (fully cured) sample. 
oo 
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Table 7. Characteristic Temperature and Intensity for the Evolution of NMP. 
Sample T h ^ (°C) T ^ T O Intensity(ABS) T n ^ ( 0 Q IntensitvfABSi 
Fresh 188 324 0.83 371 0.42 
375F/PV 217 270 0.12 371 0.065 
375F/FV 234 272 0.057 371 0.047 
450F/Pv 272 ~ — 371 0.041 
450F/FV 297 — — 371 0.0086 
Fully 
cured 
Where; Tbegin = The temperature at which the absorbance peaks of the material in FTIR 
spectrum become apparent. 
Tmax = The temperature at which the absorbance peaks of the material in FTIR 
spectrum reach the maximum value. 
and full vacuum. The first peak almost disappeared when the sample was treated at 
450°F and full vacuum. The 450F/FV sample has the minimal NMP peak. For PETI-5 
(fully cured) sample, the NMP peak does not exist (See Figure 12). The H2O peak can 
not be clearly found in all samples except of fresh sample because of the low 
concentration in the samples. Two peak maxima for water on TG-FTIR curve for fresh 
sample correspond to the two peak maxima on DTG curve. The 450F/FV sample has the 
lowest NMP and water, so the total weight loss for this sample is the lowest. These 
match the TGA results. The results support the theory that the higher vacuum and 
temperature are helpful in removing the NMP and water. Under the high vacuum, there 
is less air molecule, and the resistance of removing the NMP and water is less than under 
lower vacuum condition. So there is the least NMP and water in 450F/FV sample. 
Absorbance wavenumber 
Figure 12. FTIR results for PETI-5 (fully cured) sample. oo 
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Table 8. Characteristic Temperature and Peak Intensity for the Evolution of CO2 and CO 
from Samples. 
C02 CO 
Sample Thepitif C) Tmaxf C) Intensitv Thepin( C) Trnax( C) Intensitv 
Fresh 270 371 0.075 — ~ — 
375F/PV 217 371 0.14 267 371 0.012 
375F/FV 234 371 0.11 313 371 0.010 
450F/PV 234 371 0.15 283 371 0.010 
450F/FV 245 371 0.14 297 371 0.008 
The intensity of carbon dioxide and carbon monoxide decreased when the sample 
was treated by full vacuum (See Table 8). However, there is no significant difference 
between 375F and 450F treatment for the evolution of CO2 and CO. The evolution of 
carbon dioxide and carbon monoxide do not change drastically with the different staging 
conditions (See Table 9). These gases are not produced by combustion of the PETI 
sample because the carrier gas is Nitrogen not air. The fully cured sample was heated to 
900°C. The fully cured sample has higher carbon dioxide and carbon monoxide 
concentration because of the high heating temperature (900°C). The peak intensity of 
C02 for PETI fully cured sample is the highest (See Figure 12). C0 2 peak begins at 
375°C. At 539°C, it reaches the maximum value; and at 768°C, C0 2 peak disappears. 
The CO2 and CO concentrations are obtained by the following equations (using 
FTIR data): 
WCo2(mg)= C&stdco2 * Rf * MC02/22.4* Aco2/H&stdco2 (6) 
Wco(mg)= C&stdco * Rf* Mco/22.4*Aco/H&stdco (7) 
C02(%)=WCo2/Wsam (8) 
CO(%)-Wco/W sam (9) 
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Table 9. Data for C02 and CO from FTIR Experiment. 
Sample W S A N ^ AC02 Aco Wco2(mg) Wco(mg) 
Fresh 2.999 27.778 2.3804 0.6045 0.3267 
375F/PV 2.9936 45.467 2.4851 0.9895 0.3410 
375F/FV 2.9352 34.170 1.3708 0.7436 0.2375 
450F/PV 3.0454 50.158 2.8878 0.1092 0.3963 
450F/FV 3.1069 46.291 2.5887 0.1007 0.3553 
Standard gas Height of peaks(FTIR) 
0.0999%C02 0.07514 
0.0996%c0 0.00756 
Table 10. The Amount of Gas Evolved from the Samples. 
Sample Wt Of samplef g) CO,.f%) COf%) 
Fresh 2.999 0.020 0 . 0 1 1 
375F/PV 2.9936 0.033 0 . 0 1 1 
375F/FV 2.9352 0.025 0.008 
450F/PV 3.0454 0.036 0.013 
450F/FV 3.1069 0.032 0 . 0 1 1 
Where: Rf (flow rate)=0.83ml/sec 
Wco2 = weight of C02 in the sample 
Wco = weight of CO in the sample 
C&stdco2 = The concentration of the standard C02 
C&stdco = The concentration of the standard CO 
Mco2 = The molecular weight of C02 
Mco = The molecular weight of CO 
Aco2 = Area of C02 in FTIR spectrum 
Aco = Area of CO in FTIR spectrum 
H&stdco2 = The height of the standard C02 in FTIR spectrum 
H&stdco = The height of the standard CO in FTIR spectrum 
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Wsam = Weight of the samples 
3. DMA results 
In DMA single-frequency results, the 450F/FV sample showed the highest storage 
modulus and loss modulus (See Figure 13 and 14). This sample showed the most 
excellent properties of rigidity and flexibility. With the staging treatment, PETI-5/IM7 
increased both of the properties. 450F/FV sample has the best mechanical properties. 
From Table 11, 450F/FV sample has the highest loss modulus peak max 
temperature among the staging samples. This temperature is the glass transition 
temperature. Usually, this special temperature is used to determine the highest 
application temperature for the materials. The 375F/FV sample has the lowest glass 
transition temperature. Therefore, higher staging temperature, which is helpful in 
removing more H2O and NMP, results in higher glass transition temperature for PETI-
5/IM7. Vacuum has an influence on the loss and storage modulus as temperature. 
PETI(fully cured) sample has the highest glass transition temperature(See Figure 15). 
This sample is useful in the high speed aircraft application. Fresh sample loss modulus 
curve has a peak at 41.44°C (See Figure 16). But then the DSC result was analyzed, we 
know this temperature is not the glass transition temperature. The glass transition 
temperature for the fresh sample is not given by this DMA analysis. 
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Figure 13. DMA storage modulus results for four staging samples. 
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Figure 14. DMA loss modulus results for four staging samples. UJ 
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Figure 15. DMA results for PETI-5 (fully cured) sample. 
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Figure 16. DMA results for PETI-5 (fresh) sample. 
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Table 11. Storage and Loss Modulus for the Sample. 
Sample Storage modulus onset 
point temperature(°C) 
Loss modulus peak max 
temperature(°C) 
Fresh 25.81 
184.96 
188.97 
206.45 
218.96 
259.82 
41.44 
237.40 
231.60 
243.00 
248.76 
278.33 
375F/PV 
375F/FV 
450F/PV 
450F/FV 
Fully cured 
In Multi-frequencies DMA result, the data was analyzed by T A Time-temperature 
superposition (TTS) software. It is based on the fact that the polymer exhibits behavior 
during deformation and flow which is both temperature and time (frequency) dependent 
because of their viscoelastic nature and the instrument can not measure the behavior of 
the sample under all the frequencies and temperature. The underlying basis for TTS is 
the demonstrated equivalency between time (or frequency) and temperature. The 
superposition principle is based upon the premise that the processes involved in 
molecular relaxation or rearrangements occur at greater rates at higher temperatures. The 
time over which these processes occur can be reduced by conducting the measurement at 
elevated temperatures and transposing the data to lower temperatures. Thus, viscoelastic 
changes that occur relatively quickly at higher temperatures can be made to appear as if 
they occurred at longer times or lower frequencies simply by shifting the data with 
respect to time (Frequency). By selecting a reference curve and then shifting the other 
data with respect to time, a master curve can be generated. It is of great value since it 
covers times or frequencies outside the range easily accessible by experiment. 
The degree of horizontal shifting required to shift a given set of data upon a 
reference can be mathematically described with respect to temperature. Two models are 
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commonly used. The first of these relations is the well-known Williams-Landel-Ferry 
(WLF) equation: 
-Ci (T-T0) 
LogaT = (10) 
C2 + (T-To) 
In this equation, To is the reference temperature (typically To is taken as the glass 
transition temperature, Tg), Ci and C2 are constants. T is the measurement temperature, 
and ax is the shift factor. The temperatures are Kelvin. For many amorphous polymers, 
it has been found that Ci=17.4 and C2 = 51.6 0 when T0=Tg. The WLF equation is 
typically used to describe the time/temperature behavior of polymers in the glass 
transition region. The equation is based on the assumption that, above the glass transition 
temperature, the fractional free volume increases linearly with respect to temperature. 
The model also assumes that as the free volume of the material increases, its viscosity 
rapidly decreases. 
The other model which is commonly used to relate the shift factors with respect to 
temperature is the Arrhenius relation: 
E Log ax = (11) 
R(T-To) 
In this equation, E is the activation energy associated with the relaxation transition, R is 
the gas constant (R=8.314 J/mole*°C), To is the reference temperature, T is the 
measurement temperature and ax is the time-based shift factor. The Arrhenius equation is 
typically used to describe the viscoelastic events associated with b and g relaxation 
transitions or for the glass transition s associated with semi-crystalline polymers. 
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Frequently, it is used to obtain the activation energy associated with the glass transition 
temperature. 
Fitting the experimentally determined shift factors to a mathematical model 
permits the master curve to be shifted to any desired temperature. Thus data that was 
collected and referenced to a high temperature can be shifted, within reason, to low 
temperature and vice-versa. 
The PETI-5 (fully cured) sample and four staging samples Multifrequency data 
was obtained in the glass transition region. It is recommended that, when attempting to 
generate a master curve on a given material, the experiment be set up to ensure that data 
is collected as the sample passes completely through the desired relaxation transition. 
The PETI-5 (fully cured) sample data is used here as an example. 
Displayed in Figure 17 are the DMA results for fully cured sample obtained using 
frequency multiplexing techniques. The specimen was analyzed at frequencies of 20, 10, 
5, 3, 2, 1, 0.5, 0.3, 0.2, and 0.1 HZ. It is recommended that a minimum of four 
frequencies over two decades be used when generating a master curve. The plot shows 
the storage modulus and loss modulus as a function of temperature at the various analysis 
frequencies. The loss modulus peak temperatures show that the glass transition moves to 
higher temperatures as the analysis frequency increases. To generate the master curve, a 
reference temperature should be chosen. For this experiment, 280°C was selected. The 
remaining sets of data are shifted either to higher or lower frequencies to fall upon the 
chosen reference. After all of the individual data points are shifted, the master curve is 
obtained for PETI-5 (fully cured) sample as shown in Figure 18. This loss modulus 
master curve shows the change in the loss properties with respect to frequency. The 
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Figure 17. DMA multi-frequency results for PETI-5 (folly cured) sample. 
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Table 12. Multi-frequencies Results. 
sample 
Ci 
-39.29 
-27.46 
-74.05 
-69.89 
37.26 
TTS WLF Model 
C2 
-342.4 
-237.2 
-614.7 
-521.5 
349.7 
TTS Arrhenius 
Model 
Activation energy 
375F/PV 
375F/FV 
450F/PV 
450F/FV 
610500J/mole 
626000J/mole 
678400J/mole 
719900J/mole 
589300J/mole Fully cured 
maximum energy dissipation is represented by the peak maximum. The storage modulus 
master curve shows the effects of frequency on the modulus of PETI-5 (fully cured) 
sample at this temperature. As the frequency increases, the modulus increases. The shift 
factor can now be fitted to one of the mathematical models. Displayed in Figure 19 is a 
plot of the experimentally determined shift factors as a function of temperature. The shift 
factor plot is slightly curved, reflecting WLF-type behavior. The WLF equation was thus 
selected to relate the shift factors to temperature. The solid line represents the WLF 
model while the boxes represent the experimentally determined shift factors. For 280°C, 
the shift factor is zero. To get the master curve for the other temperature, the shift factor 
for that temperature should be found. Then all the data in the master curve should be 
multiplied by the shift factor to get the new master curve. The two constants values are 
Cl= 37.26 and C2= 349.7. The shift factor can be obtained by either the storage modulus 
or the loss modulus. For this experiment, the results are the same. The results for WLF 
and Arrhenius model were shown in Table 12. In WLF model, the Ci and C2 value for 
the cured sample is positive, the others are negative. This fact indicated that after curing, 
the PETI sample's mechanical properties have been different with the staging samples. 
With the increasing of temperature, the values decrease. Partial vacuum makes the 
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values lower than the values for full vacuum. For Arrhenius model, the same procedure 
was followed. The master curve and shift factor of the PETI-5 (fully cured) sample for 
Arrhenius model are shown in Figure 20 and 21. With the increasing staging temperature 
and vacuum, the Arrhenius activation energy increased. But the activation energy for 
PETI(fully cured) sample is the lowest. 
4. DSC results 
Figure 22 showed the MDSC result for fresh sample. The long dash line 
represents the total heat flow. The solid line is the nonreversible heat flow. It represents 
the thermal history. The short dash line is reversible heat flow. The extrapolated onset 
point method was used on this curve to determine the Tg for the fresh sample. The glass 
transition temperature of the fresh sample is -7.73°C. As mentioned before, from fresh 
sample DMA result (Figure 16), the peak maximum temperature for loss modulus may be 
the softening temperature. For PETI-5 (fully cured) sample, the peak max temperature on 
loss modulus curve was used to determine the glass transition temperature. The glass 
transition temperature for PETI-5 (fully cured) sample is 278.33°C. Tg is the temperature 
at which the large segments of the chain start moving and the molecular mass of side 
chain is critical to the Tg. After being cured, PETI-5 sample was crosslinked on a high 
degree. Its molecular mass of side chain was increased. Most of water and NMP were 
removed from the polymer, which becomes harder and more stable. The polymer chains 
were hard to move because they were crosslinked and entangled each other. These 
results indicated that staging and curing steps improve the Tg for PETI-5 and make this 
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Figure 22. DSC results for PETI-5 (fresh) sample. 
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polymer more suitable for the airplane applications. Fresh sample has the lowest glass 
transition temperature among all PETI-5 samples. 
B. Study the Mechanism of Staging and Curing and Decomposition Step 
For the simulating experiment, in TGA result (Figure 23), there are two peaks in 
DTG curve of staging step for fresh sample, the first one occurring at 79.90°C and the 
second at 145.56°C. The two peak temperature is different with the TGA 951result. It 
may be due to the different sample particle size and heating rate. From TG/MS result 
(Figure 24), the water curve has two peaks at the same position. And Ions which m/e are 
99, 98 and 71 have one peak about 145°C. The first peak maybe due to the loss of water 
absorbed and the second peak is due to the loss of the water and NMP, which combined 
with PETI-5 by hydrogen bond or encapsulated by the long chain. For curing step, only 
one peak at 292°C occurred in DTG curve (See Figure 25). From TG/MS result, this is 
due to the loss of residual NMP and CO2. During the curing step, The side groups (C=0) 
reacted with each other and released CO2. At the same time, the triple band for the end 
group changed to a double bond to take part in the crosslink. The PETI-5 molecule was 
crosslinked. The possible process of curing is shown in the Figure 26. 
Figure 27 shows weight residue versus temperature for PETI-5 (fully cured) 
sample at six different heating rates. The heating rate has moderate effects on the 
variation of weight loss. Figure 28 indicated that the systematic shift in the reaction rate 
maximum temperature to lower temperatures with decreasing heating rate. Here the 
TGA result for the heating rate of 4°C was showed as a sample (Figure 29). Three DTG 
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Figure 23. TGA thermogram for PETI-5 (fresh) sample for staging step. 
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Sample: PETI-5 Fresh 
Size: 15.3035 mg T G A - D T A File: D:\TA\SDT\DATA\P.001 Operator: tang 
Run Date: 9-Jun-9S 21:01 
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Figure 25. TGA thermogram for PETI-5 (fresh) sample for curing step. 
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Figure 26. The possible mechanism for the curing process. 
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Figure 27. Overlay of TGA thermograms for PETI-5 (fully cured) sample. 
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Figure 29. TGA thermogram for PETI-5 (folly cured) sample for heating rate of 4°C/min. 
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Figure 31. TG/FTIR results for the decomposition of PETI-5 (fully cured) sample. o\ 
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Table 13. Kinetics Parameters at Different Conversion Levels. 
Conversion Activation Energv LogfPre-Exp 60 min Half 
% kJ/mole Factor) 1/min -life Temp 
^ C 
1.0 49.19 3.304 217.1 
2.0 47.86 2.488 291.8 
5.0 159.9 9.355 466.3 
10.0 259.5 15.49 504.7 
15.0 247.4 14.63 506.8 
peaks were identified. Table 13 shows the kinetics parameters at different conversion 
levels. 
These results and TG/MS/FTIR results (Figure 30 and 31) indicated that the 
kinetics of decomposition for PETI-5 (fully cured) sample should be divided into three 
parts. The activation energy and Log(pre-exp factor)s at the conversion of 1% and2% are 
very similar. This shows the first step of decomposition. During this step, the residue of 
H 2 0 and NMP was released. The end groups and side groups were separated from the 
main chain at first. This is the reason that the first peak for ions 91 and the peak for ion 
44 occurred before the other peaks. At the same time, the long chains were separated into 
the shorter chains. In the second step, the chains of mediate length were decomposed 
into small molecules by the heat. Most of weight loss occurred at this period. From 
TG/FTIR result, we can identify amine, Methyl alcohol, some aromatic derivatives, CH4, 
68 
o 
m/e-78 
0 
m/e=51 
Figure 32. The Possible Mechanism for Decomposition of PETI-5. 
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Figure 33. TGA thermogram for the decomposition of PETI-5 (fresh) sample after curing step. 
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water, CO, CO2 and NH3 (Figure 31). The third step may be due to continuous 
degradation of chain. In this step, the chain is decomposed into much shorter chain and 
only a small amount of volatile materials is released. The possible mechanism based on 
the TG/MS/FTIR result is showed in Figure 32. 
Figure 33 showed the TGA result for decomposition of fresh sample (After 
curing). The peak in DTG curve is at 570°C. It's similar to the result for fully cured 
sample. But in TG/MS result (Figure 34), ions 91 and 103 can't be identified. All other 
ions are the same. However, the methanol and amine can't be found in GC/MS results. 
The indication is the fresh sample after staging and curing without vacuum can have 
similar thermalstability to the fully cured sample, but the degree of curing for the fresh 
sample is lower than that for the fully cured sample. Vacuum is helpful in the curing 
process. 
C. Compare the results for decomposition of two cured sample obtained from two 
analytical system 
The PETI-5 (fully cured) sample and PETI-5 (partially cured) sample were analyzed 
by TG/MS in Thermal Lab in Western Kentucky University. The instrument and 
procedure were mentioned in Chapter 2. The result for PETI-5 (fully cured) sample was 
discussed in Section B in this chapter. Figure 35 showed the overlay TGA result for 
PETI-5 (fully cured) sample and PETI-5 (partially cured) sample. Also from Figure 36 
and 37, PETI-5 (fully cured) sample begin to loss weight at the higher temperature than 
PETI-5 (partially cured) sample. But the weight loss for fully cured sample is higher than 
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Figure 35. Overlay of TGA thermograms for the decomposition of two PETI-5 cured samples. N> 
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Figure 36. TGA thermogram for the decomposition of PETI-5 (fully cured) sample. 
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Figure 37. TGA thermogram for the decomposition of PETI-5 (partially cured) sample. 
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partially cured sample because the particle size of fully cured sample used in our lab 
is smaller than the other sample. It is easy to lose weight because of the higher surface 
area. From the TG/MS result for PETI-5 (partially cured) sample (See Figure 38), ion 
103 can't be found. The other ions found were the same. 
The two samples also were analyzed by NETZSCH company by using the skimmer 
coupling system. The vertical gas flow in the sample chamber and the short transfer path 
guarantee complete transport of the decomposition gases without separation. A divergent 
nozzle first reduces the sample gas pressure. The "skimmer" is located in the 
compression zone behind the nozzle to accept the sample stream. The design of the 
vacuum components, the profiles and spacing of the pressure reduction steps, as well as 
the high mechanical precision of the coupling system, results in the direction of a largely 
parallel molecular beam through the skimmer to the analyzer. Figure 39 depicts the TG 
and DTG curves for PETI-5 (fully cured) sample. The sample weight was 46.14mg. 
Three TG steps were detected with weight losses of 0.7, 9.1 and 1.7%. The maximum 
weight loss rates were determined at 221, 541 and 690°C. In the DSC curve (Figure 40), 
an exothermal peak was found at 541°C with an enthalpy of-170J/g. In the lower part of 
Figure 41, the TG curve with marked scan positions and the DTG curve are shown. The 
upper part of this figure depicts the mass range 140-200 amu of scan 28 at 532°C. Figure 
42 depicts the mass range 10-200 amu of scan 28. In Figure 43 and 44, 3-D plots of the 
mass range 40-60 amu and 140-200 amu are shown. Figure 45 and 46 show mass 
numbers 16, 17, 18, 154, 168 and 178 in the form of scan-m graph plots. 
Figure 47 depicts the TG and DTG curves of PETI-5 (partially cured) sample (46.29 
mg). Three weight loss steps of 0.8, 10.5 and 1.9% were detected. Maximum weight 
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loss rates were determined at 542 and 699°C. In the DSC curve (Figure 48), an 
exothermal peak at 539°C with an enthalpy of-120J/g was found, which is lower than the 
value for fully cured sample. It indicated that the decomposition of the fully cured 
sample needs more energy. So the PETI-5 (fully cured) sample is more stable. The 
lower part of Figure 49, the TG curve with marked scan positions, and the DTG curve are 
shown. The upper part of this figure depicts the mass range 60-150 amu of scan 27 at 
514°C. Figure 50 depicts the mass range 10-200 amu of scan 27. In Figure 51 to 53, 3-D 
plots of the mass range 40-60 amu, 60-100 and 140-200 amu are shown. Scan-m graph 
plots of several occurring mass numbers are presented in Figure 54 to 58. From these 
MS spectrum, the large ion found in PETI-5 (fully cured) sample MS spectrum can not be 
found in partially cured sample. A TG curve comparison of two samples is plotted in 
Figure 59. The NETZSCH system can detect the larger ion than our system, such as ion 
154, 168, 179. It detected a lot of ions larger than 120. And it detected ion 119, which 
we had assumed it existed but did not find by using our system. 
From all the above results, PETI-5 (fully cured) sample has higher thermal 
stability. It began to lose weight at higher temperature, and larger ions were found in 
TG/MS ~ indicating that this sample is more stable. Because this sample is more cured, 
it verifies that cure process can help to make the polymer more stable. 
But for the NETZSCH system, there are two disadvantages. The first is for the 
new system, each scan needs five minutes, they heat the sample to 900°C at the heating 
rate of 4°C/min. The total scan number is 48. So if two reactions happened at the same 
times, the new system can get only one scan. It can't identify them, then. For the system 
in WKU, each scan needs about ten seconds. So the curve is smooth and can show the 
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difference between two close reactions. The second disadvantage is that the new system 
did not detect some small ions, such as the ion 51, which was found in our system. 
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Figure 39. NETZSCH TGA thermogram for the decomposition of PETI-5 (fully cured) sample. \ o 
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Figure 40. NETZSCH DSC results for the decomposition of PETI-5 (fully cured) sample. 00 
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Figure 41. TG curve with marked scan positions for PETI-5 (fully cured) sample. 00 
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Figure 42. Mass range 10-200 amu of scan 28 for PETI-5 (folly cured) sample. 00 to 
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Figure 43. 3-D plot of the mass range 40-60 amu for PETI-5 (fully cured) sample. 00 U1 
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Figure 44. 3-D plot of the Mass range 140-200 amu for PETI-5 (fully cured) sample. oo 
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Figure 45. Intensities of the mass numbers 154, 168, and 179 amu for PETI-5 (fully cured) sample. OO u< 
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Figure 46. Intensities of the mass numbers 154, 168, and 179 amu for PETI-5 (fully cured) sample. 00 cr> 
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Figure 47. NETZSCH TGA thermogram for PETI-5 (partially cured) sample. 00 
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Figure 48. NETZSCH DSC thermolgram for PETI-5 (partially cured) sample. 
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Figure 49. TGA curve with marked scan positions for PETI-5 (partially cured) sample. 00 so 
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Figure 50. Mass range 10-200 amu of scan 27 for PETI-5 (partially cured) sample. 
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Figure 51. 3-D plot of the Mass range 140-200 amu for PETI-5 ( f u l l y cured) sample. oo 
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Figure 52. 3-D plot of the Mass range 140-200 amu for PETI-5 ( f u l l y cured) sample. oo 
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Figure 53. 3-D plot of mass range 140-200 amu for PETI-5 (partially cured) sample. vo u> 
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Figure 54. Intensities of the mass numbers 154, 168, and 179 amu for PETI-5 ( f u l l y cured) sample. 
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Figure 55. Intensities of mass number 44 amu for PETI-5 (partially cured) sample. vo u . 
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Figure 56. Intensities of mass numbers 63, 65, and 78 amu for PETI-5 (partially cured) sample. vo CT\ 
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Figure 57. Intensities of the mass numbers 154, 168, and 179 amu for PETI-5 ( f u l l y cured) sample. VO --a 
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Figure 58. Intensities of the mass numbers 154, 168, and 179 amu for PETI-5 ( f u l l y cured) sample. \o CO 
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Figure 59. Overlay of NETZSCH TGA thermograms for two PETI-5 cured samples. 
IV. CONCLUSIONS 
From the results of the study reported in this paper, the following statements and 
observations can be made: 
1. High temperature and full vacuum can increase the thermal properties for PETI-
5/IM7 samples. The 450F/FV sample has the highest glass transition 
temperature, storage and loss modulus, and the lowest NMP and H2O 
concentrations among four staging samples. 
2. The glass transition temperature for the cured sample is the highest among all the 
samples. 
3. The three-step mechanism for decomposition of cured sample is proposed and the 
kinetics parameters were calculated. 
4. The TG/MS/FTIR results indicated that water and NMP were released during the 
staging step, while NMP and CO2 were released from the sample in the curing 
step. 
5. Higher vacuum is helpful in improving the degree of curing. 
6. Fully curing is helpful for improving the thermal stability of PETI-5/IM7. 
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V. SUGGESTIONS FOR FUTHER STUDY 
1. To completely study the thermal stability of PETI-5 samples, more TGA 
experiments should be run. The procedure is an ASTM method and can be 
found in Reference 30, Chapter 1. 
2. The life time and fatigue analysis can be done using DMA. 
3. The coefficient of thermal expansion of PETI-5 sample should be calculated 
and compared using TMA. 
4. The results for PETI-5 should be compared with other polyimides, such as 
PMR-15, to reach a thorough understanding of the decomposition mechanism. 
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